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1 Introduction and overview 

Natural abiotic resources (here referring primarily to metals, 
minerals and fossil resources) have become a growing polit¬ 
ical concern with increased focus on resource scarcity, natural 
availability and dependency on foreign supply. For a near- 
term time horizon, both the USA and the EU have identified 
so-called critical raw materials including platinum group 
metals, rare earth elements, etc. (EC 2010; NRC 2008), and 
resource efficiency has become one key element of the sus¬ 
tainability policy of the EU and Switzerland (EC 2011a; 
Bundesrat 2012). Within the context of life cycle assessment 
(LCA), the development of life cycle impact assessment 
(LCIA) methods has been very diverse without a unifying 
practice for how to assess the depletion of abiotic resources 
from the natural environment (Carvalho et al. 2014; EC 
2011b; Klinglmair et al. 2013; Mancini et al. 2013). The 
overarching goal of the 55th Discussion Forum on LCA 
(DF-55) was to present and discuss recent developments of 
novel and updated LCIA approaches with respect to the 
relevance of resources as a separate safeguard subject (or area 
of protection, AoP) in environmental assessment, the rationale 
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and interpretations of their respective environmental mecha¬ 
nisms related to abiotic resource depletion and the relation to 
other resource-related concerns such as scarcity and criticality. 

Setting the stage for the discussion forum, the first presen¬ 
tation of the day was given by Stefanie Hellweg (ETH Zurich, 
Switzerland) who gave an overview of the various issues 
related to the assessment of abiotic resource depletion. The 
extraction rates and the number of resources put into use are 
increasing and products are becoming more complex. The 
resulting heterogeneity of materials and products poses great 
challenges for recycling and recovery of the resources. In this 
context, three different methodologies for addressing different 
issues or questions related to the management of resources 
were outlined: 

• Material flow analysis (MFA) is an account of physical 
flows and stocks (Baccini and Brunner 1991; Brunner and 
Rechberger 2004) and is thus an apt tool for monitoring 
and managing resources, for example by identifying the 
users of the resources; by indicating resource efficiency or 
recycling potential on industrial, regional, national or 
global levels; and by quantifying emissions to natural 
compartments from losses and dissipative uses. 

• Criticality assessment departs from a corporate, national 
or global user perspective to assess the risks for a 
user if the resource were to become unavailable in 
sufficient amounts in the future. Criticality encom¬ 
passes supply risks and vulnerability to supply restrictions, 
and it might also include potential environmental implica¬ 
tions (EC 2010; Graedel et al. 2012). 

• LCA is commonly focused on quantifying and assessing 
the potential environmental impacts caused by emissions 
of pollutants and depletion of resources throughout the life 
cycle of a product. While there is agreement that the 
environmental impacts from mining and resource use, 


<£) Springer 





Int J Life Cycle Assess (2014) 19:1686-1692 


1687 


such as land use changes and toxic emissions to air, water 
and soil, etc., damaging ecosystems and human health, 
should be considered, whether depletion of resources is a 
purely economic or also an environmental problem is still 
being debated. Several different approaches exist to assess 
and express the impacts of resource depletion. It might 
also be questioned whether it is the removal of abiotic 
resources from the natural environment or rather the dis¬ 
sipative use of resources (resulting in an ‘irreversible’ 
loss) that should be assessed. 

An overview of presentations at the DF-55 and the respec¬ 
tive areas addressed is shown in Table 1. The presentation 

ended with the following key questions related to resource 

indicators to the participants: 

• Is resource extraction and use an economic and/or an 
environmental issue? 

• What is the safeguard subject or AoP related to resources? 

• What should be assessed: Resource scarcity? Decline in 
resource quality? 

• Is there an ‘ultimate’ resource, e.g. energy, exergy, or 
money? 

• Could/should renewable and non-renewable resources be 
integrated into a unified resource assessment approach? 

• How can we include damages of potential resource 
limitations? 

• How can we deal with trade-off between complexity and 
number of resources assessed? 

• Who should bear the burden of resource depletion? 


2 Recent method developments 

Tommie Ponsioen (PRe Consultants Ltd., the Netherlands) 
presented the activities on abiotic resource within the LC- 
IMPACT project. 1 As the ILCD Handbook (EC 2011a) did 
not provide a recommendation on an endpoint method for 
mineral and fossil resources, it became the aim to develop a 
robust endpoint method and, if possible, a related midpoint 
method. The research started with the cause-effect chain used 
in the ReCiPe method (Goedkoop et al. 2013), i.e. surplus 
cost, which is the global future cost increase due to marginal 
resource use. This approach is based on the assumption that 
ores with the highest metal concentrations (ore grades) are 
mined first. To get to the surplus cost of minerals, a relation¬ 
ship between cumulative mineral production and ore grade 
was derived (Vieira et al. 2012), as decreasing ore grades 
generally lead to increased mining costs per unit of mineral 
produced. To convert the ore grade decrease into surplus cost 

1 Website for LC-IMPACT work package 1 ‘Resource use impacts’: 
http ://www. lc-impact. eu/wp 1 -resource-use-impacts 


factors, assumptions on future metal demand, recycling sce¬ 
narios, discount rates and size of reserves were used. 
Independent of the cultural perspective applied, platinum 
group metals were assigned the highest characterization fac¬ 
tors, followed by gold and silver and then the base metals. 
Among the drawbacks of the method are that sufficient data 
are only available for 18 minerals, the difficulty of identifying 
a related midpoint indicator and that regional differences of 
scarcity are not taken into account. On the positive side, the 
obtained characterization factors are comparable to those 
available for fossil resources (Ponsioen et al. 2013) and water 
(Pfister et al. 201 1). The characterization factors will be avail¬ 
able in the LC-IMPACT method upon its release. 

Jo Dewulf (Joint Research Centre of the European 
Commission, Italy/Ghent University, Belgium) started the 
presentation by stating that many natural resources, particu¬ 
larly those beyond abiotic resources and water, are not cov¬ 
ered and comprehensively modelled by current LCIA 
methods. Another issue is that existing LCIA methods start 
from an anthropocentric and/or economic perspective, which 
is not entirely in line with an ‘environmental’ LCA perspec¬ 
tive. A key question is what we would like to protect within 
the AoP ‘natural resources’ (Mancini et al. 2013): Is it natural 
resources in an ecocentric context, e.g. as shaping natural 
habitats or in biogeochemical cycles, or is it the services they 
provide, or rather, their role in society? One possible indicator 
is the cumulative demand for exergy, i.e. the maximum 
amount of work that could be obtained from a resource over 
the life cycle of a product. A key challenge of this concept is 
how to account for land occupation and biomass production 
and how to compare extraction from the natural environment 
with production in human-made systems. A possible solution 
is to assess the human-made system based on the natural 
potential net primary productivity that would have been pro¬ 
duced on the land if not occupied by humans (Alvarenga et al. 
2013). J. Dewulf thereafter discussed some challenges of 
using the change in ore grade to predict the efforts required 
to extract and produce metals, which proves to be not neces¬ 
sarily linearly related (Swart and Dewulf 2013). Lastly, it was 
proposed that criticality may be considered for assessing the 
AoP natural resources from an economic sustainability point 
of view, where supply risk is quantified as a function of 
worldwide concentration of production, economic and politi¬ 
cal stability of producing countries and substitutability and 
recyclability of the raw material under study. 

Laura Schneider (Technische Universitat Berlin, Germany) 
presented the development of a comprehensive method to 
address the risks associated with resource provision capability 
from the ‘triple bottom line’ perspective. Since the lack of 
access to resources may hamper human well-being and pro¬ 
ductivity, resources represent a sustainability problem rather 
than merely an environmental problem. A holistic assessment 
of resource use must go beyond the analysis of physical 
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Table 1 Overview of topics addressed at the DF-55 and the related presentations 


Management of abiotic resources 

X. Du, EMPA, Switzerland 21 

J. Drielsma, Euromines, Belgium 21 

H.-J. Althaus, swisscleantech, Switzerland 21 

Sustainability assessment 

L. Schneider, TU Berlin, Germany 


Material flow analysis (MFA) 

D. Laner, TU Wien, Austria 21 

Criticality assessment 

P. Nuss, Yale University, USA 

Life cycle impact assessment (LCIA) 

T. Ponsioen, PRe consultants Ltd., the Netherlands 

J. Dewulf, EC-JRC, Italy/Ghent University, Belgium 
R. Frischknecht, freeze Ltd., Switzerland 

J. Rorbech, DTU, Denmark 

a Short presentations 


availability of resources in the natural environment or the 
impacts associated with their extraction. The evaluation of 
resource provision needs to be extended to also include lim¬ 
ited supply (scarcity) of resources caused by economic, e.g. 
distributional or political, or social, e.g. abuse of human rights, 
constraints or risks. By extending existing assessment 
methods from LCA to also include economic and social di¬ 
mensions of resource availability into product evaluations, a 
contribution towards life cycle sustainability assessment is 
achieved. In this context, resource scarcity can be classified 
into absolute scarcity due to geological limits and actual scar¬ 
city arising from economic, environmental and/or social con¬ 
straints. The geologic availability is based on the abiotic deple¬ 
tion potential (ADP, Guinee et al. 2002) but is extended to also 
include anthropogenic stocks (Schneider et al. 2011). For the 
effective scarcity, each indicator is related to a threshold value 
at which scarcity is expected in a distance-to-target approach. 
By including economic and social scarcity, the former sharing 
several elements with criticality assessment (Schneider et al. 
2013) and the latter based on the framework of social LCA, the 
method enables producers to make sustainable material choices 
and to successfully manage their products. 

Rolf Frischknecht (freeze Ltd., Switzerland) focused in his 
presentation on the role of borrowing and dissipative resource 
use in impact assessment of abiotic resources. Material re¬ 
sources on earth cannot be lost (unless converted into energy 
or lost into space) but might be dispersed. Departing from the 
premises that resources represent a separate AoP, and have an 
intrinsic value, the question of ‘What is the appropriate resource 
flow to be assessed in the impact assessment?’ was posed. In the 
assessment of water use, a difference is made between water 
that is withdrawn and water that is consumed, e.g. embedded 
into products or evaporated. This concept may also be applied 
to primary mineral resources by assessing the amount extracted 
from the natural environment and the amount of resources used 
in a dissipative way separately. This approach was illustrated 
with an exemplary case for aluminium comparing single use 
with recycling. Based on the Swiss political target to increase 
resource efficiency (Schweizerischer Bundesrat 2012), abiotic 


resources were introduced in the recently published Ecological 
Scarcity 2013 method (Frischknecht and Biisser Knopfel 2013). 
The characterization step is based on ADP using the most recent 
production and reserve data (USGS 2011). The resulting eco- 
factors are applied to dissipative use of resources, which is 
derived as the difference between the amounts of resources 
extracted and recycled, i.e. the aggregated amount lost during 
manufacture, use and end-of-life treatment. An open question is 
where to draw the boundary between borrowing and dissipative 
uses, e.g. metals disposed of in landfills. Potential criteria might 
be (current) recovery costs (comparable to current mining costs) 
or resource concentrations (comparable to currently mined ore 
grades). 

Jakob Rorbech (Technical University of Denmark, 
Denmark) presented a quantitative comparison of 11 impact 
models for the assessment of resource depletion (indicated in 
Fig. 1) (Rorbech et al. Resource depletion indicators in LCA: 
quantitative comparison of selected characterization models, 
in submission). The comparison encompassed indicator char¬ 
acterization factors and characterized impact scores based on 
impact assessment of the activities covered by the ecoinvent 
inventory database v3.0 (Ecoinvent Centre 2013). The results 
of the comparison did not suggest any consistent correlations 
between methods applying similar assessment models. 
Instead, the methods could be divided into two groups with 
relatively high internal correlation of total impact scores, 
where the first group consists of CML-LA (ultimate reserves), 
EI99, IMPACT 2002+, ReCiPe, CEENE and CExD and the 
second group of CML-IA (reserve base), EDIP, EPS and ORE 
The conclusions of the study suggest that the selection among 
available assessment methods for resource depletion might 
influence the results and consequently the recommendations 
of LCA studies considerably. Furthermore, the coverage of the 
methods is an important factor to avoid shifting burdens 
between resources. The existing classification of resource 
depletion indicators neither systematically reflects underlying 
environmental concerns within the methods nor groups ac¬ 
cording to impact profiles. A revised grouping of methods 
according to AoP addressed and a classification into mid- and 
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Fig. 1 Summary of resource coverage of LCIA methods for abiotic 
resource depletion. The figure is based on the information in Table 1 in 
Rorbech et al. Resource depletion indicators in LCA: quantitative com¬ 
parison of selected characterization models (in submission) and covers 
the LCIA methods analysed in the aforementioned study (indicated with 
an asterisk) and additional LCIA methods discussed during DF-55. 
Legend: CML-IA 2002 (ultimate reserves, UR), CML-IA 2002 (reserve 
base, RB; ILCD recommended), Environmental Design of Industrial 


Products ( EDIP ) 2003, Eco-indicator ‘99 ( EI99 ), Environmental Priority 
Strategy (EPS) 2000, IMPACT 2002+, ReCiPe 2008, Ore Requirement 
Indicator (ORI), Cumulative Exergy Extraction from the Natural Envi¬ 
ronment ( CEENE ), Cumulative Exergy Demand ( CExD ), Solar Energy 
Demand (SED), Ecological Scarcity Method ( ESM) 2013 (Frischknecht 
and Biisser Knopfel 2013), Impact WORLD+ (midpoint, beta version, 
www.impactworldplus.org, assessed on 2014-06-05), Schneider et al. 
(2013) and Vieira et al. (2014) as presented by T. Ponsioen 


endpoint levels based on the indicators suggested by the 
methods were proposed. This will provide clear information 
to users about the consequence of their choice of indicator as 
well as assist method developers in understanding the quanti¬ 
tative performance of existing methods. 

3 Criticality and short presentations 

Philip Nuss (Yale University, USA) introduced the Yale 
metals criticality methodology (Graedel et al. 2012) and 
discussed a selection of its indicators, such as depletion time, 
companion metal fraction and global supply concentration. 
With regard to depletion time, he emphasized that for some 
metals anthropogenic stocks might represent a significant 
source and should be included in resource assessment, cf. 
Schneider et al. (2011). Similar to the three AoP generally 
considered in LCIA (i.e. human health, ecosystems and natu¬ 
ral resources), the Yale methodology assesses criticality by 
investigating a metal’s (a) supply risk, (b) vulnerability to 
supply restriction (natural resources) and (c) cradle-to-gate 
environmental implications (human health and ecosystems 
damage). By doing so, the criticality approach provides addi¬ 
tional insights, in particular with regard to the social, regula¬ 
tory and geopolitical factors of resource use, as well metal 
substitution—aspects generally not included in traditional 


resource indicators in LCIA. An application of the criticality 
methodology to iron and several of its main alloying elements, 
i.e. vanadium, chromium, manganese and niobium, for the 
USA and globally in year 2008 was presented (Nuss et al. 
2014). Alloyed steel forms the backbone of any industrial 
society and is vital for national security and economic well¬ 
being. Iron has the lowest supply risk, primarily because of its 
widespread geological occurrence. In contrast, niobium is 
mainly produced in only two countries (Canada and Brazil), 
thus representing a high global supply concentration. 
Manganese and chromium, both essential in steel making, 
display the highest vulnerability to supply restriction from 
the national (USA) perspective, largely because of poor sub¬ 
stitutability in some end uses. Furthermore, vanadium dis¬ 
plays the highest cradle-to-gate environmental implications 
(per kg of metal at the factory gate), followed by niobium, 
chromium, manganese and iron. It is important to recognize 
that resource criticality is highly dependent on the perspective 
chosen (i.e. corporate, national or global) and that it is dynam¬ 
ic, as the model parameters change over time. Aspects of 
the criticality approach may be considered when deriving, 
characterizing, or weighting factors in LCIA to provide a more 
holistic picture of resource use in the future. 

Xiaoyue Du (EMPA, Switzerland) presented the E- 
RECMET project which aims to evaluate technological and 
organizational adaptations for the Swiss waste electrical and 
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electronic equipment (WEEE) recycling system to facilitate 
the recovery of critical metals. Based on criticality, occurrence 
in WEEE and recovery potential, indium and neodymium 
were selected. The focus was placed on improving inventory 
data and comparing the impacts of primary and secondary 
production: Neodymium is produced as a co-product together 
with several other rare earth elements or could be recovered 
from magnets in hard disc drives. Indium is extracted as a by¬ 
product of zinc and lead deposits, whereas secondary indium 
might be recovered as a co-product alongside other metals 
from liquid crystal displays. Joint metal production poses 
great challenges for inventory modelling and LCIA (Stamp 
et al. 2013). The outcomes of the comparison of primary and 
secondary production were found to be highly dependent on 
the allocation method chosen. 

David Laner (Vienna University of Technology, Austria) 
focused on MFA as a tool to support national resource man¬ 
agement. The end-of-life collection ratio and the old scrap 
recovery ratio represent indicators useful to evaluate the re¬ 
source efficiency of the system. Methodological aspects and 
results were shown for two national case studies focusing on 
aluminium (widely used with secondary production in Austria; 
Buchner et al. In-depth analysis of aluminium flows in Austria 
as a basis to increase resource efficiency, in submission) and 
palladium (a critical raw material according to the EU, mainly 
contained in consumer products, without primary and second¬ 
ary production in Austria). To account for the large uncer¬ 
tainties involved in the palladium balance, fuzzy sets were 
applied (Laner et al. Applying fuzzy and probabilistic 
uncertainty concepts to the material flow analysis of 
palladium in Austria, in submission). Based on the experiences 
gained from these and other case studies, it was concluded that 
country-level balances are an important, but not sufficient, 
basis to assess national resource efficiency and that dynamic 
MFA models may advance the investigation of resource stocks 
and end-of-life product flows on a system level. 

Johannes Drielsma (Euromines, Belgium) pointed to several 
issues related to the assessment of abiotic resource depletion in 
LCA from the mining industry’s perspective: Firstly, the dis¬ 
crepancies in the terminology used by the LCA community and 
the mining industry (CRIRSCO 2013), respectively, were 
highlighted. J. Drielsma emphasized the need to address these 
discrepancies as LCA gains importance in a legal context and 
for guiding investment decisions. Another issue from the indus¬ 
try perspective is the use of ore grades to assess abiotic resource 
depletion: Declining ore grades might entail increased environ¬ 
mental burdens (per unit of metal extracted) due to increased 
specific use of energy and water and increased specific amounts 


The terminology of the LCA community is generally based on the US 
Geological Survey’s principles of resource/reserve classification for min¬ 
erals (USGS 1980). See Weber (2013) for a comprehensive review and 
comparison of various mineral resource classification systems. 


of waste and emissions generated. These impacts are, however, 
already covered by impact categories other than ‘resource de¬ 
pletion’. The decision to mine a particular ore is influenced by 
many factors, such as present commodity and fuel prices, and 
does not necessarily follow the ‘ore-grade-decrease’ theory. In 
the conclusions, J. Drielsma stressed the need to differentiate 
between different resource-related concerns and to apply the 
appropriate tools to address these concerns. 

Finally, Elans-Jorg Althaus (swisscleantech, Switzerland) 
provided an overview of the development of a strategy for 
more sustainable use of natural resources while maintaining or 
strengthening the success factors of the Swiss economy. There 
is a wide range of concepts to address different resource¬ 
relevant issues, e.g. related to criticality, dependency or the 
environment. LCA models should go beyond assigning bur¬ 
dens among the different life cycles (in the case of a recyclable 
resource). It was therefore recommended to model use and 
transformation (as loss or gain of quality) of resources sepa¬ 
rately in the inventory phase and to develop corresponding 
impact assessment methods similar to the assessment of land 
use impacts. He emphasized the need to provide unallocated 
life cycle inventory data to ensure full flexibility in subsequent 
modelling. 

4 Discussions and conclusions 

The discussion round was initiated by dividing the audience 
into three groups to address the following discussion topics: 

• Resource indicators: practicality versus scientific rigor 

• What are the potential role(s) of thermodynamic concepts 
for managing resource use? 

• Borrowing or dissipating resources—does it matter? 

The discussion in the first group confirmed that there is not 
a clear consensus about the relevant AoP for (abiotic) natural 
resources, as the related issues are on the borderline between 
purely environmental and sustainability concerns. The LCA 
community still has a way to go to define which questions 
related to the extraction and use of resources the results of 
LCA studies should be able to answer. Several of the recently 
developed methods for assessing resources in LCA apply 
quite advanced cause-effect-chain models but only cover a 
limited set of resources (Fig. 1). This can be considered a 
major problem since many potentially important resources 
may lack adequate representation in the assessment methods, 
e.g. due to missing or insufficient data. Furthermore, most of 
the geological models were challenged by having a stronger 
relationship to market trends, high cost of market entry (start¬ 
up costs of mining operations), investment horizons, supply 
and demand fluctuations, etc., than to actual change in phys¬ 
ical availability on a global scale. 
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The second group concluded that exergy (efficiency) rep¬ 
resents a suitable indicator to support an efficient management 
of resources in the economy. An advantage of this approach is 
that it is applicable to different types of resources (e.g. min¬ 
erals, fossils, biomass/land) and that characterization factors 
can be derived with almost complete resource coverage. The 
relative importance of different resource types, however, 
might be questioned as energetic resources typically dominate 
the results. In relation to scarcity, thermodynamic indicators 
might be useful if declining ore grades represent the main 
concern, as it results in a larger exergy demand per unit of 
resource extracted. One of the drawbacks is that the impact is 
calculated as the minimum amount of exergy required to form 
the resource from a reference state, which has limited practical 
relevance. 

Concerning the differentiation between borrowing and 
consumptive (dissipative) uses of resources, the third group 
found that it is sensible to distinguish between the two aspects 
and to assess the dissipative resource use. This approach 
entails that the impacts of abiotic resource depletion are 
shifted to the life cycles in which the resource is deemed to 
be irrevocably lost. Current economic feasibility (e.g. based 
on profitability) of resource recovery from post-consumer 
‘wastes’ was considered a suitable approach to draw a line 
between borrowing and dissipative use of resources. The 
practical implementation of the concept in inventory databases 
faces several challenges, e.g. the quantification of resource 
losses along the life cycle of products or the differentiation 
between functional elements and impurities in waste streams. 
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